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The epithelial lining of the intestine, stomach, and skin is continuously exposed to environmental assault,
imposing a requirement for regular self-renewal. Resident adult stem cell populations drive this renewal,
andmuch effort has been invested in revealing their identity. Reliable adult stem cell biomarkers would accel-
erate our understanding of stem cell roles in tissue homeostasis and cancer. Membrane-expressed markers
would also facilitate isolation of these adult stem cell populations for exploitation of their regenerative poten-
tial. Here, we review recent advances in adult stem cell biology, highlighting the promise and pitfalls of the
candidate biomarkers of the various stem cell populations.The maintenance and repair of adult tissues relies on small pop-
ulations of resident stem cells. These specialized cells are
defined by their ability to maintain themselves over very long
periods of time (‘‘self-renewal’’) and to generate all the differen-
tiated cell types of the tissue (‘‘multipotency’’). In addition to
these defining characteristics, adult stem cells are often
assumed to be quiescent within the niche, dividing infrequently
to generate one stem cell copy and a rapidly cycling cell. The
rapidly cycling cells (transit-amplifying cells) then undergo
a limited number of cell divisions before terminally differentiating
into the functional cells of that tissue. This stem cell-driven tissue
renewal is particularly evident in the epithelial lining of the intes-
tine, stomach, and skin, which is constantly exposed to a barrage
of environmental assault. The ability to identify and isolate these
adult stem cell populations would undoubtedly accelerate our
understanding of stem cell roles in tissue homeostasis and
cancer and would also facilitate exploitation of their massive
regenerative potential in the clinic. Much effort has, therefore,
been invested around the world in identifying reliable adult
stem cell biomarkers, fueling impressive advances in adult
stem cell research over the last few years.
The Architecture of the Intestinal Epithelium
The mammalian intestinal tract can be divided into two anatom-
ically and functionally distinct segments: the small intestine and
the colon (Gregorieff and Clevers, 2005). These segments share
the same basic structure, comprising an outer layer of smooth
muscle interfaced with the enteric nervous system responsible
for mediating the rhythmic peristaltic movements that force
digested food along the tube, a middle layer of connective tissue
(the stroma) harboring nerves and lymphatic vessels, and an
inner absorptive epithelial lining called themucosa. The architec-
ture of this epithelial lining differs markedly between the small
intestine and colon, reflecting their distinct functions in vivo.
The inner surface of the small intestine is designed to maximize
the available surface area for absorption, which it achieves by
having numerous finger-like protrusions called villi that project656 Cell Stem Cell 7, December 3, 2010 ª2010 Elsevier Inc.into the lumen, in close association with invaginations called
crypts of Lieberku¨hn. In contrast, the surface of the colonic
mucosa is essentially flat, with multiple crypts that penetrate
deep into the underlying submucosa. The absence of villi in
this region reflects themajor role of the colon in stool compaction
rather than absorption.
The precise cellular composition of the intestinal epithelium
varies between the different anatomical regions of the small
intestine (duodenum, jejunum, and ileum) and the colon. Absorp-
tive enterocytes (which also secrete hydrolytic enzymes) are
abundant throughout the entire small intestine, although their
absolute numbers are greatest in the duodenum, where the villi
are longest. Mucus-secreting Goblet cells are most predomi-
nantly found in the ileum and the colon, reflecting a need to lubri-
cate the passage of stool as it becomesmore compact during its
progression toward the anus. Paneth cells, which play a major
role in regulating the local microbial environment by secreting
various antimicrobial peptides and lysozyme, are largely
restricted to the crypts of the small intestine. Other, more rare
cell types include the hormone-secreting enteroendocrine cells,
together with the less well-defined brush/tuft/caveolated cells,
cup cells, and the M cells residing on lymphoid Peyer’s patches
(Barker et al., 2008).
The crypts and villi are lined with a layer of a simple, columnar
epithelium that is completely renewed every 3–5 days throughout
our entire lifetime (Leblond and Stevens, 1948). This remarkable
self-renewal rate is necessitated by the extremely harsh condi-
tions that exist within the intestinal lumen, with the epithelial cells
being subject to a constant barrage ofmechanical, chemical, and
pathogen-driven attacks. Small populations of crypt-resident
adult stem cells are instrumental in driving this self-renewal
process.
Epithelial Self-Renewal in the Intestine
The crypts are the real ‘‘engine’’ of the self-renewal process of
the intestinal epithelium, with each one responsible for gener-
ating in excess of 250 new epithelial cells per day. This engine
Figure 1. Adult Stem Cell-Driven Epithelial Renewal in the Small Intestine
(A) The general architecture of a crypt.
(B) Flowchart depicting generation of functional epithelial cells from LGR5+ intestinal stem cells.
(C) Summary of the published +4 and CBC stem cell markers.
(D) Paneth Cells are a crucial niche component for the LGR5+ stem cells at the crypt base.
Cell Stem Cell
Reviewis fueled by the resident stem cells, thought to be located close
to the crypt base (Figure 1A). These stem cells produce a popu-
lation of vigorously proliferating progenitors called transit-ampli-
fying (TA) cells, which rapidly expand through multiple rounds of
cell division as they move upwards as a coherent column toward
the crypt/villus border (Heath, 1996). During this upward migra-
tion, these TA cells begin to differentiate and subsequently exit
the crypt onto the villus after 2 days asmature, functional epithe-
lial cells. They continue migrating along this epithelial conveyer
belt until they reach the villus tip, where they die and are shed
into the lumen for excretion. Up to ten crypts are needed to
supply new cells to a single villus in order to balance the extreme
turnover rate present at the villus tip. The much longer-lived
crypt-resident Paneth cells are excluded from this upwardly
mobile epithelial conveyer belt. Instead, they migrate in the
opposite direction to occupy the crypt base, where they live
for 6–8 weeks.
Adult Stem Cells of the Intestine: An Identity Debate
Early genetic marking studies of chimeric mice and rare mosaic
human patients first demonstrated that individual adult crypts
are monoclonal, having their origin in a single multipotent stem
cell that is active during early intestinal development (Bjerknes
and Cheng, 1999; Hermiston et al., 1993).The existence of a self-renewing, multipotent stem cell popu-
lation in adult crypts was formally proven by tracking inheritance
patterns of genetic marks introduced at random into single crypt
cells via somatic mutation (Bjerknes and Cheng, 2002; Winton
et al., 1990). Clones of marked cells comprising all epithelial
lineages were observed in individual crypts, consistent with the
original mutation having been introduced into a multipotent
stem cell. Similar results were obtained by studying inheritance
patterns of spontaneousmitochondrial mutations in adult human
crypts (Taylor et al., 2003). This study revealed the coexistence
of both mutant and wild-type clones in single crypts, thus estab-
lishing the presence of multiple adult stem cells. However, given
that these mutations were introduced at random, the identity of
the mutant stem cell was not revealed. Even today, the identity
of the adult intestinal stem cells is intensely debated.
The Classic +4 Model
Two opposing models of intestinal stem cell identity dominate
the literature: the +4 model and the stem cell zone model
(Figure 1A). The +4 model was originally proposed when early
cell tracking experiments predicted a common cell origin at posi-
tion 4–5, just above the differentiated Paneth cell compartment
(Cairnie et al., 1965). Additional experimental support for this
model was provided by Potten and colleagues, who reported
that radiation-sensitive, label-retaining cells reside immediatelyCell Stem Cell 7, December 3, 2010 ª2010 Elsevier Inc. 657
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+7, but on average at +4 (Potten, 1977). Their sensitivity to radi-
ation was considered to be a desirable stem cell characteristic,
preventing potentially carcinogenic genetic abnormalities from
becoming established within the long-lived stem cell population.
Retention of nucleotide labels such as BrdU or H3-Thymidine is
also considered to be a reliable surrogate stem cell trait, usually
indicative of quiescence under physiological conditions.
However, label-retaining cells in the intestine were invariably
shown to be actively proliferating (every 24 hr). Long-term reten-
tion of labels incorporated during crypt cell neogenesis (early in
development or following radiation-induced damage) was
instead proposed to result from asymmetric segregation of old
(labeled) and new (unlabeled) DNA strands during subsequent
cell divisions (Potten et al., 2009). This finding predicted that
the labeled template strandwould be retained in the cell destined
to remain a stem cell, while the newly synthesized strand,
complete with any replication errors, is passed onto the short-
lived daughter cell. This immortal strand theory (Cairns, 1975)
is considered to protect the stem cell genome from accumu-
lating potentially dangerous mutations. However, experimental
support for this model is still limited (Shinin et al., 2006), and it
only remains valid if there is no symmetric cell division occurring
within the stem cell niche.
The Stem Cell Zone Model
An alternative school of thought, referred to as the stem cell zone
model, evolved following the discovery that the crypt base is not
exclusively populated by differentiated Paneth cells. Electron
microscopy studies in the early 1970s revealed the presence
of slender, immature, cycling cells, referred to as crypt base
columnar cells (CBC), wedged between the Paneth cells (Cheng
and Leblond, 1974). Following 3H-Thymidine exposure,
surviving CBC cells were reported to actively phagocytose other
dying, radiolabeled CBC cells at the crypt base. The resulting
radioactive phagosomes, initially restricted to occasional CBC
cells, were subsequently observed within more differentiated
cells belonging to the four major lineages higher up the crypts.
This rudimentary lineage tracing result was interpreted as
evidence for the CBC cells being the common origin of all four
major epithelial cell lineages. However, the phagosome-labeled
examples of the four cell lineageswere only observed in separate
crypts, precluding formal demonstration of CBC cell multipo-
tency.
Bjerknes and Cheng continued to champion the CBC cells as
true adult stem cells, providing additional, yet still indirect,
evidence of CBC cell multipotency in more refined genetic
marking studies (Bjerknes and Cheng, 1999, 2002). They re-
ported the existence of both long-lived and short-lived clones
of marked cells within the crypts of these mice. Only the long-
lived clones comprising all four major cell lineages consistently
included a marked CBC cell. This was interpreted as further
evidence for marked CBC cells being the self-renewing, multipo-
tent origin of these clones.
Based on these observations, Bjerknes and Cheng subse-
quently formulated their current stem cell zone model (Bjerknes
and Cheng, 1981a, 1981b, 1999). In this model, the CBC stem
cells reside in a stem cell-permissive environment (the stem
cell zone) at the crypt base. These proliferating stem cells regu-
larly generate progeny, which subsequently exit the niche at the658 Cell Stem Cell 7, December 3, 2010 ª2010 Elsevier Inc.‘‘common origin of differentiation’’ around position +5, where
they commit (presumably via committed progenitors) toward
the various functional lineages (Figure 1B). Maturing Paneth
cell progenitors migrate downwards, with the oldest Paneth cells
residing at the very base of the crypt. Progenitors of all other line-
ages mature as they migrate upwards onto the villus epithelium.
Intestinal Stem Cell Markers
An array of markers has been proposed for the putative adult
stem cell populations (Figure 1C), but the validity of the vast
majority of these candidates is not supported by direct evidence
for stemness as assessed by transplantation or lineage tracing
(Table 1). Instead, many studies have relied on IHC/in situ
approaches to define candidate stem cell markers according
to positional information alone, leading to a great deal of confu-
sion and controversy in the ISC field.
Leucine-Rich G Protein-Coupled Receptor 5
The majority of the published intestinal stem cell markers are
reported to be specific for the +4 cell population, reflecting the
prevailing view that these are the true adult stem cells. However,
the stem cell zone model has seen a renaissance recently,
following the identification of leucine-rich G protein-coupled
receptor 5 (LGR5) (GPR49) as a specific CBC marker. Lgr5
encodes an orphan GPCR of unknown function related to the
sex hormone receptors (Barker and Clevers, 2010). Lgr5 was
identified during an in situ screen of a Wnt target gene panel
for restricted expression at the crypt base (Barker et al., 2007).
The majority of the Wnt target genes were either broadly ex-
pressed throughout the crypt or were restricted to the differenti-
ated Paneth cells at the crypt base. This observation reflects the
crucial roles of Wnt signaling in maintaining both the proliferative
TA compartment and in driving maturation of the Paneth cells
in vivo. In contrast, Lgr5 expression was restricted to the prolif-
erative CBC cells, establishing LGR5 as the first specific marker
for this candidate stem cell population. The stem cell potential of
these LGR5+ CBC cells was subsequently assessed by in vivo
lineage tracing using an Lgr5-EGFP-ires-CreERT2/Rosa26RlacZ
mouse model. Lgr5-EGFP reporter gene activity in these mice
faithfully recapitulated the endogenous Lgr5 expression pattern.
Following stochastic induction of LGR5-CRE activity using
tamoxifen, lacZ reporter gene activity was initially observed in
isolated CBC cells. At later time points, this lacZ genetic mark
was found in cells of all lineages throughout the crypt-villus
epithelium, demonstrating the multipotency of the LGR5+
CBC cells. Importantly, this tracing was maintained throughout
the lifetime of the mouse, identifying the LGR5+ CBC cells as
self-renewing, multipotent adult stem cells responsible for
epithelial homeostasis under physiological conditions (Barker
and Clevers, 2007). This approach also identified LGR5+ cells
at the base of the colonic crypts as adult stem cells.
Gene expression profiling of FACS-sorted LGR5-EGFP+ cells
revealed the adult stem cell ‘‘transcriptome.’’ This list included
multiple Wnt target genes, reflecting Wnt signaling activity within
the stem cell compartment, as well as other stem cell markers
such as OLFM4 and ASCL2 (van der Flier et al., 2009a). Genetic
ablation of ASCL2 expression in vivo resulted in silencing of the
stem cell signature and rapid stem cell death, revealing a crucial
role for this transcription factor as a master regulator of stem-
ness (van der Flier et al., 2009b).
Table 1. A Summary of the Promise and Pitfalls of Current Adult Intestinal Stem Cell Markers
Marker +4/CBC Evidence Weakness References
Label
retention
+4 (on average),
but also reported
within CBC
compartment
Marked cells exhibit desirable stem
cell traits such as radiosensitivity
No functional demonstration
of stemness. Often incorrectly
assumed to reflect quiescence
Potten (1977)
Musashi-1 +4 and CBC Highly expressed throughout the
stem cell compartment
No functional demonstration
of stemness. Also likely to be
expressed in TA compartment
Potten et al. (2003);
He et al. (2007)
Prominin-1 CBC Supported by in vivo lineage tracing Likely expressed throughout
the stem cell compartment
and the TA compartment
Zhu et al. (2009);
Snippert et al. (2009)
SOX9 CBC Low-level expression in the CBC
compartment. Sox9lo cells also
demonstrate stem cell traits in vitro
Sox9 expression also seen
in non-stem cell populations,
including Paneth cells
Formeister et al. (2009);
Mori-Akiyama et al. (2007)
Lgr5/Gpr49 CBC Supported by in vivo lineage
tracing and organoid culture
No reliable antibodies available
for detecting endogenous
membrane expression
Barker et al. (2007);
Sato et al. (2009)
OLFM4 CBC CBC stem cell-specific expression
as determined by microarray/in situ
Cannot be used to isolate
stem cell populations
Van der Flier et al. (2009)
ASCL2 CBC CBC stem cell-specific expression
as determined by microarray/in situ.
Essential for stem cell survival in-vivo
Cannot be used to isolate
stem cell populations
Van der Flier et al. (2009)
BMPR1a/
P-PTEN
+4 Overlapping expression
with LRC population
No functional demonstration
of stemness. Also reported
to mark enteroendocrine cells
He et al., 2007; He et al., 2004;
Bjerknes and Cheng (2005)
WIP1 +4 (& less frequently
in the CBC zone)
Overlapping expression
with LRC population
No functional demonstration
of stemness
Demidov et al. (2007)
mTERT +4 (very infrequently) Overlapping expression
with LRC population
No functional demonstration
of stemness. Only marks minor
subset of LRC population
Breault et al. (2008)
SOX4 +4 Expression restricted
to +4 cell position
No functional demonstration
of stemness
Van der Flier et al. (2007)
sFRP5 +4 Expression restricted
to +4 cell position
No functional demonstration
of stemness
Gregorieff et al. (2005)
DCAMKL-1 +4 Overlapping expression
with LRC population
No functional demonstration
of stemness. Also reported
to mark differentiated Tuft cells
Giannakis et al. (2006);
May et al. (2008);
Gerbe et al. (2009);
Bezencon et al. (2008)
Bmi1 +4 Supported by in-vivo lineage tracing Only present in 10% of proximal
SI. Likely overlap with Lgr5+
CBC stem cells
Sangiorgi and Capecchi (2008)
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LGR5-EGFP+ cells isolated from the small intestine were shown
to be capable of generating self-renewing intestinal organoids
in vitro (Sato et al., 2009). These epithelial organoids had a
remarkably similar architecture and composition to normal gut
epithelium, with crypts containing resident LGR5+ cells associ-
ated with villus domains comprising mature epithelial cells of
all lineages. Remarkably, the LGR5+ stem cells were capable
of generating these complex three-dimensional structures in
the absence of any mesenchymal components, although
a cocktail of secreted growth factors (R-spondin1, noggin, and
EGF) was essential. Maintenance of LGR5+ stem cell potential
in the absence of nonepithelial niche cells was unexpected
and raised the issue of what constitutes the intestinal stem
cell niche in vivo. A recent study by Sato and colleagues has
built a strong case for the Paneth cells being an essentialcomponent of this niche (Sato et al., 2010). Each LGR5+ stem
cell is intimately associated with a Paneth cell at the crypt
base, implying a functional ‘‘marriage’’ in vivo. Indeed, genetic
ablation of Paneth cells in vivo resulted in loss of the Lgr5+
stem cell compartment. Gene expression profiling of adult
CD24hi Paneth cells from the small intestine revealed high-level
expression of many growth factors essential for organoid
growth in vitro, including Wnt3, Dll4, EGF, and TGF-a. In vitro,
plating of Lgr5+ stem cell:paneth cell doublets increased the
efficacy of organoid growth 10-fold compared to single Lgr5+
stem cells. Taken together, this indicates that Paneth cells
constitute the niche for Lgr5+ stem cells in the small intestine
(Figure 1D). Of note, a CD24hi population of Paneth-like cells
was also observed at the base of the colonic crypts, suggesting
that a similar epithelial niche may sustain the colon Lgr5+ stem
cell population in vivo.Cell Stem Cell 7, December 3, 2010 ª2010 Elsevier Inc. 659
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homeostasis at the small intestinal crypt bottom (Snippert
et al., 2010b). The Lgr5+ stem cells, fourteen per crypt, divide
every day. We generated a multicolor Cre-reporter based on
the Brainbow mouse (Livet et al., 2007), which allows fate
mapping of individual stem cells. With this reporter mouse, we
confirmed that crypts drift toward clonality within a period of
1–6 months, as originally reported (Griffiths et al., 1988; Winton
and Ponder, 1990). The previous reports concluded that the
emerging crypt monoclonality is indicative of the presence of
a single-dominant stem cell in each crypt. We collected short-
and long-term clonal tracing data for individual Lgr5+ cells.
Unexpectedly, these data revealed that most Lgr5+ cell divisions
occur symmetrically. In other words, the two daughter cells
resulting from an Lgr5+ cell division rarely adopted divergent
fates, i.e., that of a new stem cell and a TA daughter cell. Rather,
the observations were consistent with a model in which the
resident stem cells double their numbers each day and stochas-
tically adopt stem or TA fates. Mathematical modeling confirmed
that homeostasis in a crypt results from neutral competition
between fourteen equal, symmetrically dividing Lgr5hi stem
cells.
Other Intestinal Stem Cell Marker Candidates
MUSASHI-1, an RNA-binding protein involved in regulating
asymmetric division in neural stem cells, is also highly expressed
at the crypt base, with expression evident on the CBC cells, as
well as some LRC’s (He et al., 2007; Potten et al., 2003).
However, its expression domain appears to extend into the TA
compartment, suggesting that it is a marker for the stem cell
plus early committed progenitors.
PROMININ1 (CD133 in humans) was originally employed as
a cell-surface marker for enriching colon cancer stem cell popu-
lations from bulk tumors (O’Brien et al., 2007), although more
recent studies have questioned its selectivity (Shmelkov et al.,
2008). In most healthy adult tissues, Prominin1 is broadly
expressed, but Zhu and colleagues recently proposed it as
a marker of the crypt base stem cell compartment, including
the CBC cells. This model was supported by in vivo lineage
tracing, which demonstrated that at least a subset of the
CD133+ cells were self-renewing, multipotent stem cells (Zhu
et al., 2009). However, a separate study employed dual IHC
and in vitro lineage tracing approaches to establish that Cd133
expression is present throughout the stem cell and TA compart-
ment of the crypts (Snippert et al., 2009). The majority of the
Cd133-driven tracing events were short-lived, consistent with
them having originated in the short-lived committed progeny
within the TA compartment.
Sox9 is a member of the SRY family of transcription factors
that is regulated by Wnt signaling in the small intestine. Using
Sox9-GFP KI mice, Formeister and colleagues described the
presence of distinct SOX9-GFPlo and SOX9-GFPhi populations
at the crypt base (Formeister et al., 2009). Based on their gene
expression profiles, the EGFPlo cells, which localize to the CBC
stem cell compartment, were proposed to be the intestinal
stem cells. In contrast, the EGFPhi cells were found to be postmi-
totic enteroendocrine cells, also present on the villus epithelium.
The authors speculate that the different Sox9 expression levels
are instrumental in regulating the balance between proliferation
and differentiation in the two cell populations at the crypt base.660 Cell Stem Cell 7, December 3, 2010 ª2010 Elsevier Inc.It should, however, be noted that differentiated Paneth cells
also express Sox9, which would likely complicate the use of
SOX9 as an endogenous stem cell marker in vivo (Mori-Akiyama
et al., 2007).
BMPR1a, Phospho-PTEN, and Phospho-Akt are reportedly
enriched in LRCs at crypt position +4/+5 (He et al., 2004,
2007). This expression pattern was proposed to reflect selective
activation of BMP signaling within the +4 stem cell compartment,
likely as an important mediator of quiescence. In contrast, an
independent study noted expression of Phospho-PTEN by
a subset of enteroendocrine cells using the same antibody,
casting doubt on the validity of this putative +4 stem cell marker
(Bjerknes and Cheng, 2005).
Another marker reported as being selectively expressed on
the +4 LRC population is Wip1 phosphatase (Demidov et al.,
2007). The WIP1+ cells were most commonly found at position
+4 but were also present at lower positions within the CBC
compartment, consistent with earlier observations on LRC distri-
bution at the crypt base. Increased apoptosis was observed
within this LRC population in Wip1-deficient mice, prompting
suggestions that WIP1 plays an important role in +4 stem cell
homeostasis. Surprisingly, however, the resulting depletion of
the +4 compartment appeared to have no detrimental effect on
epithelial homeostasis.
Elevated telomerase levels may be a general feature of adult
stem cells that allows them to survive multiple rounds of cell divi-
sion without entering senescence. Using an mTERT-GFP trans-
genicmousemodel to visualize potential telomerase-active adult
stem cells in vivo, Breault and colleagues reported colocalization
of mTERT-GFP and a minor subset of intestinal LRCs (Breault
et al., 2008). However, the identity of this GFP+ LRC population
was not confirmed using other +4 markers, and the very limited
chase period (10 days) used in this studywill likely visualizemany
terminally differentiated endocrine and Paneth cells as label-
retaining cells. Considered together with the very low incidence
(1 in 157 crypts) of GFP expression in the intestine and the fact
that over 80%of the crypt LRCpopulation is GFP, this limitation
would appear to disqualify mTERT-GFP as being a robust +4
stem cell marker.
Other +4 markers identified solely on the basis of location
include SOX4 (Van der Flier et al., 2007), sFRP5 (Gregorieff
et al., 2005), and DCAMKL-1 (Giannakis et al., 2006).
Doublecortin and Calmodulin Kinase-like 1 (DCAMKL-1) is
a microtubule-associated kinase that was originally identified
in the developing brain. It first emerged as a candidate intestinal
stem cell marker following gene expression profiling of laser-
microdissected crypt base regions from Paneth cell-depleted
(consequently stem cell-enriched) small intestine. IHC revealed
the presence of rare, nonproliferating DCAMKL-1 cells around
position +4. These cells were reported to be negative for all
known markers of differentiated cells, prompting the authors to
identify them as likely +4 stem cells. Independent studies by
May and colleagues confirmed the predominant +4 localization
of DCAMKL-1 cells but also noted lower-frequency expression
on villus cells (May et al., 2008, 2009). Surprisingly, the +4 resi-
dent DCAMKL-1 cells did not coexpress other candidate +4
markers, such as Phospho-PTEN and p-AKT. Unexpectedly,
Jay and colleagues used an IHC approach to identify the
intestinal DCAMKL-1 cells as terminally differentiated Tuft cells
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lium (Gerbe et al., 2009). The recently published gene signature
of the mouse intestinal epithelial tuft cell confirms expression
of Dcamkl-1 in this mature cell type (Bezencon et al., 2008).
Perhaps the most reliable candidate +4 stem cell marker to
date is BMI1. The Bmi1 gene encodes a component of a
Polycomb transcriptional repressor complex, which plays an
important role in regulating self-renewal of neural and hemato-
poietic progenitors. Using in situ hybridization, Sangiorgi and
colleagues reported predominant expression of Bmi1 at the +4
cell position in the proximal SI (Sangiorgi and Capecchi, 2008).
In vivo lineage tracing using a Bmi1-ires-CreER/Rosa26RlacZ
mouse model revealed at least some of these BMI1+ cells to
be cycling, self-renewing, multipotent adult stem cells. More-
over, ablation of the Bmi1-Cre+ population using targeted
expression of diptheria toxin caused crypt death, consistent
with loss of the stem cell compartment. Curiously, Bmi1-driven
lineage tracing was observed only in 10% of the proximal SI
crypts, leading the authors to speculate that BMI1-ve stem cells
exist in other regions of the intestinal tract and colon. However,
in the absence of an endogenous expression profile for Bmi1
in the GI tract, it remains a distinct possibility that the low
frequency of tracing observed was simply a consequence of
variegated expression of their KI allele, often observed with
transgenes in the intestine. Importantly, Bmi1 expression was
also occasionally observed on cells intercalated with the Paneth
cells in this model, which may indicate overlap with the Lgr5+ve
CBC stem cell compartment. Indeed, this hypothesis is sup-
ported by the presence of BMI1 within the gene expression
profile of sorted LGR5+ stem cells (Barker et al., 2007; Van der
Flier et al., 2009). Higher resolution expression analysis of
BMI1 in combination with LGR5 and +4 markers should deter-
mine whether the BMI1+ and LGR5+ stem cell populations are
truly independent.
The Architecture of the Stomach Epithelium
The mammalian stomach shares a number of features with the
intestine, including a common endodermal origin and an epithe-
lial lining that undergoes constant renewal fueled by a small pop-
ulation of resident adult stem cells (Hoffmann, 2008).
Like its intestinal counterpart, this glandular epithelium is orga-
nized into numerous mucosal invaginations called gastric units,
which harbor the stem cells and the various differentiated
progeny responsible for effecting daily stomach function. Indi-
vidual gastric units comprise the pit, which is continuous with
the surface epithelium and the flask-shaped gland, which can
be further subdivided into isthmus, neck, and base regions.
The four major functional cell types present are the gastric
mucus cells secreting protective mucus, the parietal (oxyntic)
cells secreting hydrochloric acid and intrinsic factor (required
for Vitamin B12 digestion and absorption), the chief (zymogenic)
cells with abundant zymogen (pepsinogen) granules secreting
active pepsin, and several types of endocrine cells secreting
hormones such as gastrin and somatostatin.
The precise architecture, cellular composition, and turnover
rate of the gastric units vary markedly in the two major anatom-
ical regions of the stomach: the pyloric antrum (hereafter referred
to as pylorus) close to the intestine and the main body of the
stomach known as the corpus (Karam, 1999).The gastric units of the pylorus comprise several short glands
that feed into a single long pit. The units have a relatively simple
composition, characterized by abundant gastric mucous cells,
endocrine cells, and occasional parietal cells (Lee and Leblond,
1985a, 1985b; Lee et al., 1982) (Figure 2A).
In the corpus, the gastric units are comprised of several long,
tubular glands that feed into short pits. This corpus epithelium is
more heterogenous than that of the pylorus, containing multiple
parietal cells and chief cells in addition to the mucous cells and
various types of endocrine cells (Karam and Leblond, 1992).
This functional diversity reflects its primary role as the major
digestive unit of the stomach.
Adult Stem Cells of the Stomach
Early studies on the regeneration dynamics of the mouse
stomach epithelium relied on the use of radioactive nucleosides,
such as 3H-Thymidine, to permanently label the differentiated
progeny of actively dividing progenitor populations. By tracking
the appearance, position, and longevity of these labeled cell
populations over time, it was possible to estimate their turnover
rates and reveal their migration kinetics within the gastric units
(Karam and Leblond, 1993a). In the corpus, mucus cells with
a life-span of approximately 3 days were found to originate in
the glands and migrate upwards from the gland to the surface
epithelium, while the much longer-lived chief cells (194 day turn-
over) migrated in the opposite direction toward the gland
base. Parietal cells demonstrated an intermediate turnover rate
(54 days) and a bidirectional migration pattern within the gastric
units. The pylorus gastric units exhibited a much faster turnover
rate (1–60 days), presumably because they essentially lack the
long-lived chief and parietal cells (Lee and Leblond, 1985a,
1985b).
At birth, the gastric units of both the pylorus and corpus
regions are polyclonal, containing at least three different founder
stem cell populations (Nomura et al., 1996, 1998). However,
studies of chimeric mammals have established that in adults,
the majority of gastric units in the pyloric and corpus region are
functionally monoclonal, with all cellular progeny being derived
from a single stem cell (Nomura et al., 1998; Tatematsu et al.,
1994).
In 2002, Bjerknes and Cheng published the first in vivo lineage
tracing study formally proving the existence of self-renewing,
multipotent stem cells in the stomach (Bjerknes and Cheng,
2002). The authors used chemical random mutagenesis to
induce loss of otherwise ubiquitous Rosa26lacZ transgene
expression at low frequency in the gastric epithelium of hemizy-
gous adult mice. Eleven months after induction, LACZ-negative
clones containing all four major gastric cell lineages were
observed within the epithelium, consistent with the notion that
they descended from a common precursor, the self-renewing,
multipotent adult stomach stem cell. Surprisingly, LACZ-nega-
tive clones comprised exclusively of a single-cell lineage were
also observed at this late time-point, inferring the existence of
long-lived, monopotent progenitors in the stomach epithelium.
However, because the initial mutation event leading to loss of
reporter gene activity in this model occurred at random, the iden-
tity of these multipotent stem cell and committed progenitor
populations was not unveiled. A separate clonal marking
study assessing inheritance patterns of random mitochondrialCell Stem Cell 7, December 3, 2010 ª2010 Elsevier Inc. 661
Figure 2. Adult Stem Cell-Driven Epithelial Renewal in the Pyloric Stomach
(A) The location and general architecture of pyloric gastric units.
(B) Flowchart depicting generation of functional epithelial cells from LGR5+ pyloric stem cells.
(C) Cartoon of a self-renewing gastric organoid grown from a single LGR5+ pyloric stem cell. Multiple glands harboring LGR5+ stem cells at their base are inter-
connected by mature pit epithelium. Apoptotic cells are shed into the central lumen as the organoids epithelium constantly renews.
(D) A model for LGR5+ stem cell-driven epithelial renewal: LGR5+ stem cell progeny rapidly migrate to the isthmus, where they undergo rapid clonal expansion to
generate committed progenitors, which subsequently terminally differentiate toward the functional cell lineages as they migrate bidirectionally toward the pit or
the gland.
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ence of multiple adult stem cells in each gastric unit but did not
corroborate the existence of long-lived progenitor populations
(McDonald et al., 2008).
In the absence of specific markers, early studies focused on
identifying potential stem cells based largely on their presumed
morphological characteristics and evidence based on cell prolif-
eration kinetics. The 3H-Thymidine labeling studies established
that the vast majority of new cell production occurred in the
gastric units within a region just above the neck of the gland
termed the isthmus. Electron microscopy studies subsequently
revealed the existence of relatively undifferentiated, granule-
free cells within this proliferative zone. In the corpus units, the
most primitive granule-free isthmus population was character-
ized as having a high nucleus-to-cytoplasm ratio, a primitive
Golgi lacking secretory activity, a few small mitochondria, and
abundant free ribosomes (Karam and Leblond, 1993a). Based
on its apparent ultrastructural similarity to embryonic stem cells,
the marked cells were proposed to represent a proliferative, mul-
tipotent stem cell population. Other, slightly more differentiated
cells within this granule-free population were considered to be
the immediate progeny of the stem cells, the committed progen-662 Cell Stem Cell 7, December 3, 2010 ª2010 Elsevier Inc.itor populations, responsible for generating the various func-
tional progeny of the gastric units (Hattori and Fujita, 1976a,
1976b; Karam and Leblond, 1993b, 1993c, 1993d).
Similar observations were made in the pyloric gastric units,
when primitive cells described as having a ‘‘mottle-granule’’
appearance were identified within the isthmus. These presumed
stem cells were proposed to undergo a process of clonal expan-
sion before giving rise to committed pit and gland progenitor
populations in the isthmus region.
Collectively, these findings support a model in which a domi-
nant stem cell maintains a small, clonal population of prolifer-
ating, multipotent stem cells in the isthmus through infrequent
symmetric division. Daughter cells generated by much more
frequent asymmetric division of these multipotent stem cells
subsequently exit the stem cell niche and differentiate to
generate the various epithelial cell lineages as they migrate bidi-
rectionally toward the pit or gland (Karam, 1993, 1999; Lee and
Leblond, 1985a).
Stomach Stem Cell Marker Candidates
The molecular properties of the presumptive adult isthmus stem
cell/committed progenitor populations have been investigated
using a gene expression profiling approach (Giannakis et al.,
Cell Stem Cell
Review2006). This study exploited transgenic mice expressing attenu-
ated diptheria toxin considered to have enriched isthmus stem/
progenitor populations as a consequence of parietal cell ablation
in this region. Navigated laser capture was used to microdissect
the isthmus regions from the corpus units of these mice and
their expression signature obtained by comparison of the
isthmus-specific gene expression profiles to that of normal adult
stomach. This assay revealed similarities with the expression
profiles of both hematopoietic stem cells and embryonic stem
cells, including a prominent representation of signaling pathways
such as Wnt, PI3K, insulin-like growth factor 1, and various
GPCR cascades. One concern regarding the validity of these
findings is that parietal cells are known to express many growth
factors influencing cell function in vivo, and their ablation from
the isthmus could, therefore, potentially alter the normal stem/
progenitor expression profiles. However, an independent com-
parison of this adult isthmus signature with that of embryonic
day 18 (E18) corpus identified 147 common genes, which are
considered to form the core molecular fingerprint of the corpus
stem/progenitor cells (Karam et al., 1997).
Unfortunately, a similar analysis of the isthmus region of the
pylorus has not been performed, precluding a potentially insight-
ful comparison of their candidate stem/progenitor populations.
This large body of circumstantial evidence supports amodel in
which epithelial renewal is exclusively driven by a population of
proliferating adult stem cells and committed progenitors residing
within the isthmus. This model is still considered valid for the
corpus epithelium, but a simpler picture of stem cell-driven
epithelial renewal in the pylorus is now emerging.
A recent study has identified a small population of cycling,
multipotent stem cells marked by Lgr5 expression, which are
located outside the isthmus zone at the very base of the glands
in the pylorus (Barker et al., 2010). Their stem cell identity was
established using the Lgr5-EGFP-ires-CreERT2/Rosa26lacZ
in vivo lineage-tracing model, previously employed to identify
the LGR5+ stem cells of the intestine. Following stochastic acti-
vation of the lacZ reporter gene in LGR5+ cells at the gland base,
LACZ+ progeny were seen to rapidly populate all areas of the
gastric units. Individual gastric units initially presented a mixed
composition, with both LACZ+ and LACZ cells representing
all major pylorus cell lineages visible during the first 3 months.
This mosaic appearance was consistent with the presence of
both reporter-labeled and wild-type LGR5+ stem cells in
a single-tracing gastric unit. At much later time points (21months
postinduction), tracing units populated exclusively by LACZ+
cells were still evident in the pyloric epithelium. This finding
revealed the long-term self-renewing, multipotent nature of the
LGR5+ cells at the gland base (Figure 2B). The observed transi-
tion from mixed to uniformly LACZ+ units over time implied that
multiple LGR5+ stem cells are active in each gastric unit and
that a single stem cell can ultimately achieve clonal dominance,
likely as a result of competition for limited niche space.
As expected, the LGR5+ cells had an ultrastructure character-
istic of poorly differentiated stem cell populations, with a large
nucleus, limited basal ER, and a lack of secretory granules. In
common with their intestinal counterparts, the expression signa-
ture of sorted LGR5+ pyloric stem cells was characterized by the
presence of multiple Wnt target genes, providing evidence of
robust Wnt signaling activity at the stem cell niche at the glandbase. Typical markers of terminally differentiated mucus cells
and endocrine cells were absent from this signature, confirming
the immature status of the LGR5+ population.
Single LGR5+ pyloric cells were also capable of generating
self-renewing gastric organoids in vitro that closely resembled
adult gastric gland epithelium (Figure 2C). Gastric culture growth
conditions were similar to those of the small intestine cultures,
including EGF, Noggin, and R-spondin 1, except for a strict
dependence on Wnt effectors in the culture medium (Barker
et al., 2010). This latter observation strongly supports the likely
dependence of the gastric Lgr5 stem cell niche on active Wnt
signaling in vivo. In contrast, LGR5 cells from the rest of the
glands (including the isthmus) were incapable of generating
organoids under these conditions.
A picture is, therefore, emerging in which epithelial homeo-
stasis in the pylorus is principally driven by a population of 3 to
4 active, self-renewing LGR5+ adult stem cells residing in
a Wnt-dependent niche at the gland base. The endogenous
source of the Wnt ligands and other niche components is
currently unknown, but the organoid culture data does demon-
strate that LGR5+ stem cell function is maintained in vitro in the
absence of any supporting mesenchyme. Real-time live imaging
of Lgr5-driven lineage tracing within pyloric epithelium is needed
to establish the relationship between the LGR5+ stem cells at the
gland base and the proliferative compartment at the isthmus.
A likely scenario is rapid migration of the immediate LGR5+
stem progeny from the gland base to the isthmus, followed by
transient amplification via rapid proliferation to produce the
committed progenitor populations and subsequent differentia-
tion toward the various functional lineages during bidirectional
migration toward the pit and gland (Figure 2D).
Both active and quiescent stem cell populations are thought to
coexist within adult tissues such as the hair-follicle and bone
marrow (Fuchs, 2009). The quiescent population is proposed
to function as a reservoir of dormant stem cells that are activated
only in response to injury stimuli following depletion of the more
active stem cell compartments of the tissue. Recent evidence
suggests this pattern may also be true for the pyloric epithelium
(Qiao et al., 2007). A rare population of quiescent ‘‘label-retain-
ing’’ cells located at or below the isthmus in the bottom third of
the pyloric glands was identified on the basis of villin transgene
expression. Consistent with their largely quiescent nature, these
VILLIN+ cells did not contribute to epithelial renewal during
normal homeostasis but did reveal their multilineage potential
following stimulation with the proinflammatory cytokine g-inter-
feron.
These observations support a model in which the active
LGR5+ stem cells drive the daily self-renewal of the pyloric
epithelium, while the more quiescent VILLIN+ pool serves as
a reserve stem cell population that is activated only in response
to damage to the LGR5+ stem cell compartment. The long-term
lineage tracing analyses indicate that all cells in the pyloric units
ultimately derive from the LGR5+ stem cell, including the quies-
cent stem cell population.
Origin of the Stomach Stem Cells
The basic architecture of the glandular epithelium is established
during late embryogenesis/early postnatal development under
the concerted influence of multiple signaling pathways, includingCell Stem Cell 7, December 3, 2010 ª2010 Elsevier Inc. 663
Figure 3. Adult Stem Cell-Driven Epithelial Renewal in the Skin under Physiological Conditions and Following Injury
(A) The general architecture of a hair follicle in adult skin.
(B) Summary of the various adult stem cell compartments and their contribution to skin homeostasis under physiological conditions.
(C) The contribution of the adult stem cell populations to wound healing.
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proliferating cells first appear at embryonic day 15.5, and these
subsequently elongate and branch out into the underlying
mesenchyme to form the functional glandular units during the
first weeks of birth (Fukamachi et al., 1979). The origin of the
adult stem cell populations within these developing glandular
units is currently unknown.
In the villin transgenic mouse model, VILLIN+ cells were
observed at the base of the prospective E16.5 pyloric glands,
but their proliferative status or progenitor potential was not
investigated (Qiao et al., 2007). LGR5 expression was also
readily evident from E16.5 at the base of developing glands in
both the future pyloric and corpus regions (Barker et al., 2010).
Embryonic lineage tracing initiated at E17.5 established these
LGR5+ cells as being prenatal multipotent precursors of the adult
stem cells in both the pylorus and corpus regions. Given the
absence of LGR5+ stem cells in adult corpus, these findings
support a model in which an LGR5 adult stem cell population
originates from the early LGR5+ stem/progenitor cells in the
developing corpus. Once the glandular epithelium is fully devel-
oped, the early corpus LGR5+ stem cells may become quiescent
and lose Lgr5 expression or may simply vanish, whereas the
early LGR5+ stem cells of the developing pyloric region aremain-
tained throughout adulthood. We speculate that the pylorus, like
the intestine, colon, and hair follicle, maintains an active LGR5+
stem cell population to drive the rapid epithelial turnover that is
so characteristic of these tissues. In contrast, the lower rate of
epithelial turnover present in the adult corpus negates the
requirement for such an active LGR5+ stem cell population.
Adult Stem Cells of the Skin
Mammalian skin is the body’s protective barrier against the
harsh external environment and is consequently subject to
a constant barrage of physical, thermal, and chemical assaults.
Much like the lining of GI tract, the skin requires constant main-
tenance in the form of stem cell-driven self-renewal to ensure
optimal function over a lifetime (Blanpain and Fuchs, 2006).
The outer layer of the murine skin, the epidermis, comprises
a multilayered epithelium called the interfollicular epidermis
(IFE) and associated sebaceous glands (SGs) and hair-follicles
(HFs) (Figure 3A). The upper keratinized layer of the interfollicular664 Cell Stem Cell 7, December 3, 2010 ª2010 Elsevier Inc.epidermis (IFE), which consists of terminally differentiated cells,
is constantly being shed and replaced by cells originating from
the actively proliferating layers beneath. Continual self-renewal
also occurs within the SG to maintain the resident population
of differentiated sebocytes, which regularly rupture to lubricate
the skin surface with their lipid content. In contrast, the structur-
ally more complex hair follicles cycle between growth (anagen),
involution (catagen), and resting (telogen) phases. Under normal
conditions the IFE, Sebaceous glands, and hair follicles are
thought to be maintained by their own dedicated adult stem
cell populations (Jaks et al., 2010) (Figure 3B). However, when
tissue homeostasis is disrupted, for example bywounding, these
discrete stem cell populations reveal their plastic potential by
contributing to the regeneration of all three structures.
Hair Follicle Stem Cells
Hair follicles are present on most areas of mammalian skin, with
notable exceptions being the eyelids and palms/soles. As well as
being an integral structural component of this protective barrier,
the hair-follicles also play a crucial role in tissue regeneration
following injury by mobilizing various resident stem cell popula-
tions to supply differentiated progeny to the affected areas.
HF stem cells are generally thought to be exclusively located
within the bulge, the lower permanent part of the HF close to
the attachment site of the arrector pili muscle. This hypothesis
was initially based solely on the observation that slowly cycling,
label-retaining cells are confined to this upper HF structure
(Cotsarelis et al., 1990; Morris and Potten, 1999). Experimental
support for this model was first provided when cells isolated
from dissected human HF bulge regions were shown to have
both extensive self-renewal capacity in vitro and the ability to
generate all epidermal cell lineages following transplantation
into immunodeficient mice (Oshima et al., 2001; Rochat et al.,
1994). In vivo marking studies also showed that progeny of the
label-retaining cells can contribute to mouse HF formation (Tay-
lor et al., 2000).
The status of the bulge as a bona-fide HF stem cell niche was
further substantiated when keratinocytes isolated from the bulge
based on selective expression of CD34 or a truncated K15 iso-
form were shown to have enhanced colony-forming ability ex
vivo and to efficiently reconstitute fully functional HF and IFE
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et al., 2003).
Two independent CD34+ LRC stem cell populations are
thought to exist within the bulge (Blanpain et al., 2004). One pop-
ulation is associated with the basement membrane and is char-
acterized by high-level expression of a6-integrin, while the other
has a suprabasal location and much lower levels of a6-integrin.
Recent double-labeling studies using nucleoside analogs and
histone labels have revealed important characteristics of the
LRC bulge stem cell compartment. Specifically, label retention
in the bulge reflects cellular quiescence rather than selective
strand retention via obligate asymmetric cell division (Sotiropou-
lou et al., 2008; Waghmare et al., 2008; Zhang et al., 2009). In
addition, the relative quiescence of LRCs is dictated by the stage
of the hair cycle. That is, during anagen, the majority of the LRC
population is transiently activated to undergo symmetric divi-
sion, resulting in an expansion of the bulge-resident stem cell
compartment. A proportion of the quiescent bulge stem cells
subsequently exit the bulge niche during telogen and migrate
to the hair germ, where they actively proliferate to fuel subse-
quent HF regeneration (Zhang et al., 2010).
Subsequent gene expression profiling of isolated CD34+ and
K15+ bulge cells identified Lgr5/Gpr49 as a third potential bulge
stem cell marker (Blanpain et al., 2004; Morris et al., 2004;
Tumbar et al., 2004). In resting HF, the LGR5+ cells were
predominantly restricted to the lower bulge region and hair
germ. Importantly, the LGR5+ bulge population did not retain
DNA labels, confirming its separate identity from the LRC stem
cell population. A variety of ex vivo assays and in vivo lineage
tracing approaches subsequently established these telogen
LGR5+ cells as being adult stem cells responsible for maintaining
the cycling components of the adult hair follicle. Like the sorted
CD34/K15+ cells, the LGR5+ cells were capable of generating
fully functional HF, complete with sebaceous glands and IFE in
transplantation assays. However, when in vivo lineage tracing
was initiated at the onset of anagen to evaluate the stem cell
potential of the LGR5+ population in its native environment within
the bulge/HG, it became apparent that actively proliferating
Lgr5+ stem cells routinely contribute to the renewal of only the
lower HF components, excluding the upper isthmus region,
sebaceous glands, and IFE. During anagen, CD34 Lgr5+ cells
were exclusively present in the outer root sheath (ORS) of the
growing HF, consistent with them having migrated from the
lower bulge region. In vivo lineage tracing initiated in these
ORS LGR5+ cells showed that they retained stem cell function,
contributing to successive cycles of HF growth. Although
surprising to find retention of stem cell function outside the clas-
sical HF stem cell niche, these results do support earlier obser-
vations that clonogenic multipotent SCs migrate down the
ORS toward the hair bulb during the growth of the specialized
sensory hairs in the mouse (Oshima et al., 2001).
Taken together, these studies establish the coexistence of
both relatively quiescent and actively proliferating adult stem
cells in the HF. Surprisingly, both these stem cell populations
appear to contribute to HF regeneration under physiological
conditions. The precise relationship of these two stem cell pop-
ulations will undoubtedly be revealed in the near future.
The fact that LGR5+ stem cells do not contribute to renewal of
the sebaceous gland, upper isthmus/infundibulum, or the IFEunder physiological conditions reinforces the idea that other
stem cell populations responsible for maintaining these skin
components exist. An earlier study investigating the patterns of
in vivo lineage tracing originating from Sonic Hedgehog (Shh)-
expressing cells within the HF concluded that independent
stem cell populations exist within the upper HF (the isthmus
and infundibular region) that are responsible for maintaining
the IFE and sebaceous glands (Levy et al., 2005).
Formal proof of stem cell function in this upper HF region was
provided by the identification of a discrete population of prolifer-
ating, multipotent stem/progenitor cells located just below the
sebaceous gland opening that were capable of reconstituting
all skin components in surrogate transplantation assays (Jensen
et al., 2008). This stem cell population lacks CD34 expression,
reinforcing its independence from the bulge stem cell reservoir,
and is further characterized by expression of the thymic stem
cell marker Mts24/Plet1, low-level expression of the basal cell
marker a6-integrin, and the absence of the IFE/infundibulum
marker Sca1.
Sebaceous Gland Stem Cells
Recent studies have further elucidated the identity of the dedi-
cated stem cell populations present within the upper HF. Rela-
tively quiescent, multipotent stem cells expressing Lrig1 have
been located within the junctional zone, which encompasses
the upper isthmus and lower infundibulum (Jensen et al.,
2009). Like the majority of the different skin stem cell popula-
tions, LRIG1+ cells are capable of generating all components
of the skin in transplantation assays when removed from the
regulatory influence of their native microenvironment. However,
under physiological conditions, the LRIG1+ cells are generally
quiescent, only contributing to renewal of the IFE and sebaceous
glands following mitogenic stimulation by all-trans retinoic acid
(ATRA) treatment. One can therefore speculate that Lrig1 marks
a reservoir of long-lived stem cells that is mobilized only in
response to IFE/sebaceous gland injury or hyperplasia. This
LRIG1+ population is also reported to encompass slow-cycling
BLIMP1+ sebaceous gland stem/progenitor cells confined to
the sebaceous gland opening (Horsley et al., 2006). Blimp1
expression in the skin is not restricted to the SG, but its primary
function is reported to be maintenance of the SG. Both LRIG1
and BLIMP1 function to modulate c-myc activity to maintain
the relatively quiescent nature of their respective stem cell pop-
ulations.
Interfollicular Epidermal Stem Cells
The existence of a dedicated IFE stem/progenitor cell population
is supported by the observation that isolated neonate human
epidermis has the ability to self-propagate in culture to provide
a source of material that can be successfully used for treating
burn patients (reviewed (Green, 2008)). In the mouse, retorovi-
ral-mediated introduction of a lacZ marker gene into dorsal
skin resulted in the generation of distinct columns of LACZ+
keratinocytes extending from the basal layer to the outermost
differentiated layers (Ghazizadeh and Taichman, 2001). At least
some of these tracing units were considered to be independent
of associated LACZ+ hair follicles, indicating that they originated
within the IFE itself. These tracing units persisted long term,
indicating that the LACZ marker was originally introduced intoCell Stem Cell 7, December 3, 2010 ª2010 Elsevier Inc. 665
Cell Stem Cell
Reviewa self-renewing, adult stem cell. A more recent study employed
an inducible lineage tracing approach to demonstrate the gener-
ation of long-lived clones within tail epidermis (lacking HF) from
single cells within the basal layer (Clayton et al., 2007).
These stem cells are thought to reside within a basal layer of
cells with proliferative potential that sits on a basement
membrane rich in growth factors and extracellular matrix
proteins. These stem cells are thought to divide asymmetrically
to generate transit-amplifying (TA) progeny, which subsequently
initiate a program of terminal differentiation as they exit the basal
layer and migrate outwards as a coherent column into the
suprabasal layers (Spinous layer, Granular layer, and Stratum
Corneum). This progressive differentiation program culminates
in the formation of a layer of dead, enucleated cells in the Strat-
enum Corneum, which provides the barrier function of the skin
for a few days. This dead squamous layer is subsequently
shed and replaced by newly differentiated cells emanating
from the basal layer.
Well-defined changes in expression patterns of various kera-
tins accompany the transition of proliferating TA cells into termi-
nally differentiated squamous cells during their migration from
the basal compartment. However, reliable markers that can
distinguish the putative basal IFE stem cells from their TA
progeny are still lacking (Gambardella and Barrandon, 2003).
The hair follicle is not generally considered to contribute to IFE
regeneration under normal homeostatic conditions. However,
a recent study has identified a follicle-resident population of
proliferating, multipotent stem cells marked by Lgr6 (a very close
relative of the bulge stem cell marker Lgr5) that does contribute
to the IFE in the absence of dermal injury. This LGR6+ population
is located within the central isthmus just below the LRIG1+/
BLIMP1+ junctional zone (Snippert et al., 2010a). The LGR6+
cells are non-label retaining, CD34, and only partially overlap
with the MTS24+/LRIG1+ stem cell zone. In vivo lineage tracing
analyses established the LGR6+ cells as being an active stem
cell population supplying the sebaceous glands and IFE under
physiological conditions at all ages. When tracing was induced
early in life, substantial numbers of long-term labeled hair folli-
cles were observed, but unlike for the sebaceous gland and
IFE, contribution to this structure diminished with age.
The somewhat sporadic appearance of reporter-marked
LGR6 progeny within the IFE during these in vivo lineage tracing
studies has been suggested to support the existence of more
dedicated stem/progenitor populations within the IFE itself
(Blanpain, 2010). However, this observation may simply reflect
the low frequency of reporter gene activation within the Lgr6+
population, resulting in the presence of both labeled and unla-
beled Lgr6 progeny within the IFE. Even if a basal stem cell
compartment is largely responsible for the daily self-renewal of
the IFE, the persistent presence of Lgr6 progeny throughout
the IFE dictates that these LGR6 basal stem cells are regularly
derived from the LGR6+ follicle-resident stem cell compartment
under physiological conditions.
Mouse genetics has undoubtedly been instrumental in
improving our understanding of epidermal stem cell biology,
and it is hoped that this will be directly applicable to humans.
However, it is important to note that human and mouse skin
differs in both its self-renewal rate and the fine architecture of
the IFE, which could reflect fundamental differences in their666 Cell Stem Cell 7, December 3, 2010 ª2010 Elsevier Inc.epidermal stem cell biology. Ultimately, the markers discussed
above will, therefore, be judged by their relevance for identifying
the corresponding stem cell populations responsible for main-
taining the human skin.
Origin of the Adult Skin Stem Cells
Mammalian skin epidermis originates as a single epidermal
layer soon after gastrulation at embryonic day 9.5 (E9.5). Subse-
quent stratification of this simple epidermis to generate a multi-
layered structure occurs from E12.5 – E17.5. Mesenchymal cells
recruited to the developing skin during this period provide the
instructive signals that drive this stratification process, as well
as initiation of HF morphogenesis.
HF formation is initiated around embryonic day 14 (E14) in
the mouse, when epithelial hair-buds, termed placodes, first
become visible throughout the epidermis. These placodes
subsequently develop downwards into the underlying dermis
to form hair pegs, which mature into functional multilayered HF
in the first weeks after birth (reviewed in Blanpain and Fuchs,
2006).
It is likely that the adult stem cell repertoire responsible for
maintaining the different components of the mammalian skin is
established during late prenatal/early postnatal development.
This hypothesis is supported by the expression patterns of the
various adult stem cell markers during HF development (Sox9,
Lgr5, Lrig1), which already appear independent in early postnatal
skin (Horsley et al., 2006; Jaks et al., 2008; Jensen et al., 2009).
Similarly, the LRC population is also established within the
prospective bulge region 2 days after birth, a process driven
by Sox9 transcriptional activity (Nowak et al., 2008). Another
adult epidermal stem cell marker, Lgr6, is expressed during early
HF development. Lineage tracing initiated at E17.5, when Lgr6
expression is confined to developing hair peg, demonstrated
that these LGR6+ cells contributed to all adult skin lineages
(Snippert et al., 2010a). This result demonstrates that these
LGR6+ cells are likely to be the prenatal multipotent precursors
of all adult skin lineages, implying that this population may be
the source of the lineage-specific stem cell populations in the
adult HF.
Skin Stem Cell Plasticity and Wound Repair
It is becoming increasingly apparent that the biology of HF
homeostasis is highly complex, involving multiple classes of
stem cells situated in discrete locations dedicated tomaintaining
specific HF components under physiological conditions.
Despite having such well-defined physiological functions, the
majority of the different stem cell classes are capable of gener-
ating all epidermal lineages in skin transplantation assays (for
review, see Watt and Jensen, 2009). Such assays require isola-
tion of the stem cells from their local microenvironment within
the epidermis and mixing them with neonatal dermal fibroblasts
in chambers implanted onto the backs of immunocompromised
mice. The simplest explanation for the observed stem cell plas-
ticity in this assay is that the local niche is instrumental in defining
the differential potential of otherwise functionally equivalent
stem cell populations.
Signals elicited in response to wounding or mechanical stress
may override these niche-imposed fate restrictions to facilitate
tissue repair from multiple stem cell sources (Ito and Cotsarelis,
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proliferative response within the IFE itself, as well as mobilization
of stem cell activity within associated HFs. (Ito et al., 2005; Levy
et al., 2007; Morasso and Tomic-Canic, 2005) However, the rela-
tive contribution of the various epidermal compartments to
wound healing remains controversial. Edaradd mutant mice
lacking HFs in their tail skin retain the capability to repair incision
wounds at this site, highlighting the major contribution of the
proliferative epidermal compartment itself (Langton et al.,
2008). However, wound closure was delayed, and a HF-inde-
pendent repair of more serious excision wounds exhibiting
damage to the dermal layer was not investigated. Other studies
employing in vivo lineage tracing demonstrated a permanent
contribution of HF-derived Shh and Sox9 progeny to cutaneous
wound healing (Levy et al., 2007; Nowak et al., 2008). A similar
contribution to wound repair was shown for bulge-derived K15
progeny in telogen HF (Ito et al., 2005). However, in contrast to
the Shh and Sox9 progeny, which can derive from all HF stem
cell compartments, the bulge contribution was only transient.
One interpretation of these findings is that the upper HF stem
cell compartment is preferentially recruited to supply new kera-
tinocytes to the IFE during wound repair (Figure 3C). This model
is supported by lineage tracing from the LGR6+ upper isthmus
stem cell compartment, which showed that LGR6-derived
progeny permanently contribute to epidermal repair, as well as
de novo hair follicle growth at the wound site (Snippert et al.,
2010a).
The relatively minor contribution of the bulge stem cell
compartment to wound repair may simply reflect a reduced
ability of their progeny to home to the IFE compared to progeny
of the isthmus/infundibulum compartment. Alternatively, the
contribution of the lower HF stem cell compartment may be
influenced by hair-cycle-dependent changes in the HF microen-
vironment. This may account for the observations that HFs are
stimulated to enter anagen phase following wounding and
wounds heal faster when inflicted close to anagen-phase hair
follicles (Argyris, 1956; Ghadially, 1958; Zawacki and Jones,
1967).
If we can successfully unravel the regulatory machinery
responsible for confining the various stem cell progeny to their
separate compartments during normal skin homeostasis and
facilitating their cross-border migration in response to skin
damage, we may be able to translate this knowledge into
improved therapies for treating a multitude of skin ailments in
the future.
Closing Remarks
Adult stem cell research has clearly progressed at an impressive
rate over the last few years, but we still rely heavily on indirect
methodologies to establish stem cell identity and function
in vivo. This limitation is particularly evident in the intestinal
stem cell field, where stem cell markers are still being proposed
based on positional information alone. Transplantation is undeni-
ably an excellent tool for establishing stem cell potential but
clearly does not always faithfully report endogenous stem cell
function. A recent study showing the potential of thymic epithelial
cells to adopt adult hair follicle stem cell fate following transplan-
tation into the skin microenvironment highlights this point very
well (Bonfanti et al., 2010). Ideally, we should strive to employmethods that facilitate visualization and functional characteriza-
tion of single stem cells in their native environment. This ‘‘in-situ’’
approach can also reveal important insights into how adult stem
cells interact with potential niche components.
Ultimately, however, the true value of any given adult stem cell
marker will be determined by its ability to identify and isolate
human stem cell populations for use in regenerative medicine.
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